Background: Depressive symptoms and physical performance are inversely associated, but it is unclear whether their association is bidirectional. We examined whether the association between depressive symptoms and physical performance measured using gait speed is bidirectional.
Introduction
Evidence is accumulating that elevated depressive symptoms are a risk factor for physical disability [1] [2] [3] [4] [5] and poor physical performance [6] [7] [8] [9] at older ages. Physical disability and physical performance are closely related [10] with decreasing physical performance often viewed as a precursor to physical disability [11, 12] . Further, findings suggest that elevated depressive symptoms are related to the decline in physical performance of well-functioning older people [13] making depression relevant to the whole process of physical disablement [12] . In parallel, evidence has accrued that physical disability and poor physical performance predict depression and elevated depressive symptoms [3, [14] [15] [16] [17] [18] .
Despite the parallel development of these two lines of research and suggestions that depression and physical decline and disability might be mutually reinforcing [2, 3, 5, 13, 19] research on the bidirectional association between elevated depressive symptoms and physical disability [20] [21] [22] [23] [24] [25] or declines in physical performance [23, 26] is limited, with some studies providing evidence for a bidirectional longitudinal association [20, 22, 23] and other studies not [21, [24] [25] [26] . This research is in addition limited by the use of samples that are selected [20, 21] and not representative of the general population [20] [21] [22] [23] [24] [25] [26] . Thus, our understanding of the association between depressive symptoms and physical functioning remains poor.
We explored the bidirectional association between depressive symptoms and physical performance measured using gait speed, which is an established predictor of incident physical disability [10, 27] and mortality [28] [29] [30] . We utilized repeated measurements of both gait speed and depressive symptoms over six years. We hypothesized that slow gait speed would be related to concurrent and subsequent elevation of depressive symptoms and elevated and subthreshold depressive symptoms would be related to concurrent slow gait speed and subsequent decline in gait speed. We also investigate clinical, lifestyle, psychosocial, cognitive, inflammatory, and metabolic pathways that might mediate these associations.
Materials and Methods

Study Population
The English Longitudinal Study of Ageing (ELSA) is a prospective observational study of community-dwelling people aged 50 years and over in England. Participants were recruited from households that had participated in the Health Survey for England in 1998, 1999, and 2001. At baseline, in 2002-03, the sample comprised 11,391 core members and was designed to be nationally representative. Follow-up interviews took place in 2004-05, 2006-07, 2008 -09, and 2010-11 and health examinations in 2004-05 and 2008-09. ELSA has been approved by the National Research Ethics Service and all participants have given informed consent. Written informed consent was obtained for the health examination. The ELSA data and documentation are publicly available and can be downloaded from the UK Data Service (http://www.esds.ac.uk/ findingData/snDescription.asp?sn=5050). The present work has used the 15th edition of the data.
Our study included people aged 60 years and older (n=7,246) since data on gait speed were not collected from younger participants, and used data from the first four interviews. The analytic sample comprised 4,581 individuals, after the exclusion of 1,468 individuals who were lost to follow up after the baseline and 1,197 individuals with missing baseline data in any of the variables used in the analyses. In the second part of the analysis the analytic sample comprised 4,300 individuals because of 281 additional cases with missing data.
Attrition was associated with male sex, older age, lower socioeconomic position, more comorbidities, higher rates of elevated depressive symptoms, and slower gait speed.
Assessment of gait speed
Participants able to walk were asked to walk a distance of eight feet at their usual pace from a standing point twice. The times of the two successive walks were recorded using a stopwatch and the mean time was calculated. If a single measurement of time was available then this was used instead of the mean time. We calculated gait speed by dividing distance (in meters) by mean time (in seconds) for participants who did not use mobility aids to perform the walking test. At baseline there were 56 individuals with extreme time values (<1sec or ≥60sec) in either the first or the second walk, which were not used in the calculation of the mean time. We also derived a four-category variable of gait speed by categorizing gait speed into 0.2m/s bands with measurements of 1.0m/s or higher and lower than 0.6m/s grouped into the fastest and slowest gait speed categories, respectively, to examine whether the association between gait speed and elevated depressive symptoms was linear [29] .
Assessment of Depressive Symptoms
Depressive symptomatology was measured using the eightitem Center for Epidemiological Studies-Depression (CES-D) scale. CES-D is not a diagnostic instrument for clinical depression but can be used to identify people "at risk" of depression [31] . The psychometric values of the eight-item CES-D are comparable to those of the full 20-item CES-D [32] . Five of the eight CES-D items (i.e. felt depressed, was happy, felt lonely, enjoyed life, felt sad) were depressed mood items, while the remaining three (i.e. everything was an effort, restless sleep, and could not get going) were somatic complaints items [32] . We derived a summary CES-D score by adding responses to all eight dichotomous questions (possible range: 0-8). To identify cases of elevated depressive symptoms that are possible cases of clinical depression we dichotomized the summary score around the cut point of four or higher that corresponds to the cut point of 16 or higher on the 20-item CES-D [32] . To explore the association between subthreshold depressive symptomatology [33, 34] and gait speed and thus better assess the association between depressive symptoms and physical performance, we transformed the summary CES-D score into a three-category variable with the following categories: no or one depressive symptom (CES-D score of zero or one), subthreshold depressive symptoms (CES-D score of two or three), and elevated depressive symptoms (CES-D score of four or higher).
Covariates
Age, sex, marital status, education, total net household wealth, and self-reported doctor diagnosed cardiovascular (hypertension, angina, heart attack, congestive heart failure, heart murmur, abnormal heart rhythm, diabetes, and stroke) and non-cardiovascular (chronic lung disease, asthma, arthritis, osteoporosis, cancer, Parkinson's disease, Alzheimer's disease and dementia, and emotional, nervous, or psychiatric problems) comorbidities were measured and considered to be confounders. Bodily pain (no, mild, moderate, severe pain) was measured as a clinical mediator [13, 24, 35] , while smoking (never a smoker, ex-smoker, current smoker), frequency of alcohol consumption in the last 12 months (daily, weekly/ monthly, rarely/never), physical activity on a weekly basis (not at all, mild, moderate, vigorous), body mass index (weight (in kilograms)/height 2 (in meters)) (BMI): <25, ≥25 to <30, ≥30, missing and waist circumference: <94cm, ≥94cm, ≥102cm, missing (in men) and <80cm, ≥80cm, ≥88cm, missing (in women) were measured as lifestyle mediators [2, 23] . Social support (high, low, missing) from partner, children, relatives, and friends, number of problems with social relationships (none, one, two or more, missing), number of close relationships (missing/none, one to three, four to six, seven to nine, ≥10), and sense of control at home (high, moderate, low) were measured as psychosocial mediators [2, 21, [36] [37] [38] . Memory (score of immediate and delayed 10-word recall), and executive function (number of animals named in 60 seconds) were also assessed as covariates [2, 4, 13] . A time variable was also derived to indicate the temporal sequence of the four interviews (t=1, 2, 3, 4) .
All covariates were measured at baseline and each of the follow-up interviews, except for age, sex, marital status, education, wealth, and smoking which were measured only at baseline. Data on BMI and waist circumference were not measured at baseline. They had been measured in the Health Survey for England in 1998, 1999, and 2001.
In supplementary analyses, we assessed triglycerides, highdensity lipoprotein cholesterol, fibrinogen, and high sensitivity C-reactive protein from the 2004-05 health examination as mediators because of their associations with physical performance and depressive symptoms at older ages [39] [40] [41] .
Statistical analysis
Gait speed as a predictor of elevated depressive symptoms. After the analysis of the baseline characteristics of the sample according to gait speed categories, we used Generalized Estimating Equations (GEE) to model the association between gait speed (both continuous and categories) and elevated depressive symptoms. GEE is an extension of the generalized linear model that accounts for the within-subject correlation across repeated measurements, allows for within-subject missing data, and is appropriate to estimate population-averaged effects over time [42] .
We estimated two GEE models using an unstructured correlation structure. First, we assessed the concurrent association between gait speed and elevated depressive symptoms using logistic regression. In this model gait speed at time t (t=2, 3, 4) was related to elevated depressive symptoms at time t with adjustment for elevated depressive symptoms at time t-1. The adjustment for elevated depressive symptoms at time t-1 was made to account for the recurrent nature of depressive symptoms and compensate for our inability to adjust for depression history. Then, we estimated a 2-year lagged logistic regression model to assess the temporal dimension of this association. In this model gait speed at time t (t=1, 2, 3, 4) was related to elevated depressive symptoms at time t+1 with adjustment for elevated depressive symptoms at time t. We adjusted our models initially for time, age, marital status, and sex, then for education and wealth, and then in addition for comorbidities. Mediating factors were adjusted for in the final model. In supplementary analyses (see File S1) we examined these associations in a subgroup of well-functioning (i.e. non-disabled) older people and explored the role of somatic depressive symptoms and metabolic and inflammatory pathways in this association.
Categories of depressive symptoms as a predictor of gait speed. We analysed the baseline characteristics of the sample by depressive symptom category (no or one symptom, subthreshold symptoms, and elevated symptoms). The modelling strategy was similar to that of the first part of the analysis. Concurrent and 2-year lagged linear regression GEE models were estimated for the association between categories of depressive symptoms and gait speed. Supplementary analyses similar to those described in the first part of the analysis were also performed (see File S1).
All P values were 2-sided and statistical significance was determined at P <.05. Statistical analyses were performed using STATA 11.
Results
Gait speed as a predictor of elevated depressive symptoms
The slower the gait speed the more likely the participants to be older, female, non-married, less wealthy and educated, less physically active, more often troubled by pain, obese, and more depressed. Also, the slower the gait speed the more likely the participants to have more cardiovascular and noncardiovascular comorbidities and poorer cognitive ability; report lower sense of control at home; and consume alcohol less often ( Table 1) .
The concurrent inverse associations between gait speed and gait speed categories and elevated depressive symptoms were initially significant (Table 2) . Adjustment for covariates reduced the strength of these associations but did not fully attenuate them. Unlike the concurrent associations, the 2-year lagged inverse associations were explained in the fully adjusted model (Table 2) . Overall, the association between gait speed and elevated depressive symptoms appeared to be linear and graded. All mediators explained relatively small amounts of these associations, except for obesity, which did not explain any (data not shown). The strongest effect was observed for psychosocial mediators (especially sense of control) and pain. Supplementary analyses indicated that both concurrent and 2-year lagged associations between gait speed and elevated depressive symptoms were significant in a subgroup of wellfunctioning older people (Table S1 in File S1) as well as in the absence of somatic CES-D symptoms (Table S2 in File S1) and that inflammatory and metabolic factors did not influence them (Table S3 in File S1).
Categories of depressive symptoms as a predictor of gait speed
The more the depressive symptoms the more likely the participants to be female, non-married, less wealthy and educated, smokers, less physically active, and more often troubled by pain; have more non-cardiovascular comorbidities and poorer executive function; report lower sense of control at home, less social support, more problems with family and friends, and fewer close social relationships; consume alcohol less often; and walk more slowly (Table 3) .
Both concurrent and 2-year lagged associations between categories of depressive symptoms and gait speed were significant and remained so in the fully adjusted model (Table  4) . These findings reveal the existence of a gradient; the more the depressive symptoms of an older person, the slower their gait speed. Health behaviours, pain, and psychosocial factors partially explained these associations (data not shown). The exclusion of disabled participants (Table S4 in File S1), the absence of somatic CES-D symptoms (Table S5 in File S1), and the adjustment for inflammatory and metabolic factors did not influence much these associations (Table S6 in File S1).
Discussion
In a national sample of people aged 60 years and over, we found the association between gait speed and depressive symptoms to be bidirectional. People with slower gait speed are currently and in the future more likely to report elevated depressive symptoms. Further, people who reported subthreshold or elevated depressive symptoms have slower gait speed and are likely to experience a decrease in their gait speed and thus physical performance in the future. Adjustment for sociodemographic, clinical, lifestyle, psychosocial, cognitive, inflammatory, and metabolic factors only partially explained these associations, except for the association between gait speed and later elevated depressive symptoms, which was fully explained. These associations were not an artefact of the overlap between physical performance and somatic symptoms of depression and appear to be relevant to the entire process of disablement as they remained robust in a subgroup of wellfunctioning older people.
To our knowledge this is the first study to examine the bidirectional association between gait speed and depressive symptomatology and its temporal dimension using multiple time points and a national sample. An earlier study in Korea found a bidirectional association [23] , but this study was limited by the use of a smaller regional sample and only two time points over one-year follow-up. A recent study from the Netherlands that used data from the Longitudinal Aging Study Amsterdam (LASA) did not find a bidirectional association, but they used a different design and thus their findings are not directly comparable to ours [26] . 
Gait speed as a predictor of elevated depressive symptoms
Our findings that gait speed is inversely associated with both concurrent and future elevated depressive symptoms independent of earlier elevated depressive symptoms are new and need to be confirmed by future research. They concur with the findings of most [15, 21, 22, 43] but not all [25] previous studies that explored the association between physical disability and depressive symptoms using multiple time points, despite inconsistencies about whether physical disability is associated with subsequent depressive symptoms [22] or not [21, 43] .
The strong association between slower gait speed and elevated depressive symptoms points to the need to screen for depression among older adults with decreased physical performance. The attenuation of the 2-year lagged association between slower gait speed and future elevated depressive symptoms after full adjustment suggests that the process of elevation of depressive symptoms in older people with slower gait speed is likely complex and multifactorial involving clinical, lifestyle, cognitive, and psychosocial pathways. The b. In this part of the analysis we analysed the association between elevated depressive symptoms and gait speed measured at time t after adjustment for elevated depressive symptoms at time t-1.
c. In this part of the analysis we analysed the association between elevated depressive symptoms measured at time t+1 and gait speed measured at time t after adjustment for elevated depressive symptoms at time t.
Model 1 is adjusted for time, age, baseline marital status, sex, and elevated depressive symptoms (see above: footnotes b and c).
Model 2 is adjusted for all covariates in model 1 and baseline education and tertiles of total net household wealth.
Model 3 is adjusted for all covariates in model 2 and repeated measurements of counts of cardiovascular and non-cardiovascular comorbidities (0, 1, 2, ≥3).
Model 4 is the fully adjusted model (adjusted for all covariates in model 3 and baseline body mass index, waist circumference, and smoking, and repeated measurements of frequency of alcohol consumption, physical activity, memory, executive function, pain, social support, number of problems with social relationships, number of close relationships, and sense of control at home). persistence of the concurrent association probably indicates the existence of pathways unaccounted for in our study.
Categories of depressive symptoms as a predictor of gait speed
We found that older people with elevated depressive symptoms are more likely to experience, both concurrently and in the future, slower gait speed independent of their gait speed earlier. Evidence on this is scarce with just one study showing a significant concurrent association among women in mid-life [35] and no study on the lagged association. Findings on the association between repeated measurements of depressive symptoms and physical disability largely concur with ours [20, 22, 25, 34, 44] with only one study finding a lagged association but failing to find a concurrent association [21] . These findings point to depression as a modifiable risk that needs to be targeted by disability prevention programs at older ages.
We also found that older people with subthreshold depressive symptoms are more likely to experience slower gait speed compared with their counterparts with no or one depressive symptom. These findings highlight the existence of two or more depressive symptoms as a threshold to identify those at greater risk of physical decline either concurrently or two years later. Previous studies have found baseline subthreshold depressive symptoms to be related to physical performance [9] and disability [45] , but these studies did not use repeated measurements of depressive symptomatology. To our knowledge, only one study has explored the lagged, but not the concurrent, association between subthreshold symptomatology and physical disability using repeated measurements [34] . They found a significant association between the subthreshold depressive symptoms and subsequent physical disability and that subthreshold depressive symptomatology served as the threshold over which additional symptoms did not add to the risk of physical disability. We found that the strength of the association between subthreshold depressive symptoms and gait speed was comparable to that of the association between elevated depressive symptoms and gait speed. Future research needs to explore this issue further. These findings could also inform disability prevention programs at older ages. b. In this part of the analysis we analysed the association between gait speed and categories of depressive symptoms measured at time t after adjustment for gait speed at time t-1.
c. In this part of the analysis we analysed the association between gait speed measured at time t+1 and CES-D score categories measured at time t after adjustment for gait speed at time t.
Model 1 is adjusted for time, age, baseline marital status, sex, and gait speed (see above: footnotes b and c).
Model 3 is adjusted for all covariates in model 2 and repeated measurements of the count of cardiovascular and non-cardiovascular comorbidities (0, 1, 2, ≥3).
Model 4 is the fully adjusted model (adjusted for all covariates in model 3 and baseline body mass index, waist circumference, and smoking, and repeated measurements of frequency of alcohol consumption, physical activity, memory, executive function, pain, social support, number of problems with social relationships, number of close relationships, and sense of control at home).
Limitations & Strengths
The investigation of the bidirectional association between an objective measure of physical performance i.e. gait speed and depressive symptoms and the exploration of both concurrent and 2-year lagged associations over a period of 6 years, as well as the use of repeated measurements of outcomes, predictors, and covariates are strengths of our work. The use of a national sample makes our results altogether more generalizable to the general community-dwelling population of people aged 60 years or older.
Selective attrition is a concern for our study as it is in most ageing cohorts. We hypothesize that our results represent a conservative estimate of the association between depressive symptoms and physical performance, given that attrition is associated with both elevated depressive symptoms and slower gait speed. Future research needs to replicate our work by exploring the trajectories of depressive symptoms and gait speed over longer periods of follow-up and the potentially bidirectional associations between other measures of physical performance i.e. balance or upper extremity function and depressive symptoms. Further, studies are required to explore the causal pathways and ascertain whether interventions to improve physical performance can reduce depression and whether interventions to reduce depression can improve physical performance at older ages [46] .
Our work supports claims that the elevation of depressive symptoms and declines in physical performance are mutually related at older ages. Our main findings indicate that physical disability and depressive symptoms should be treated as comorbid in older people. These findings may prove useful both for prevention strategies and screening in clinical practice.
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